The change in resistance of Burkholderia cepacia to ceftazidime and to ciprofloxacin during the exponential phase and up to the onset of stationary phase was assessed along the growth curve in batch culture. B. cepacia was grown in planktonic culture and in a biofilm on a membrane support. Resistance increased progressively during the exponential phase, being increased by ten-fold about every four generations. Bacteria grown in a biofilm were about 15 times more resistant than equivalent planktonic-grown bacteria. The growth rate was not the key factor for the development of resistance. The growth phase and the mode of growth have a fundamental impact on the susceptibility of B. cepacia towards antimicrobial agents. Bacteria growing at the same rate may differ greatly in their resistance to antimicrobial agents.
Introduction
The emergence of Burkholderia cepacia in the mid-1980s as a serious pathogen causing pulmonary infections in cystic fibrosis (CF) has had significant clinical consequences.
1,2 B. cepacia has shown a wide resistance to antimicrobial agents in patients with CF. Although the prevalence has decreased over the last 5 years, largely as a result of strict segregation policies, 3 B. cepacia still causes problems in the management of colonized patients. In some instances, notably with ceftazidime, there is a lack of clinical efficacy despite evidence of good in-vitro activity (MIC 4 mg/L). 4 This discrepancy may result from a number of factors, including inadequate antibiotic concentrations in sputum, inactivation of antibiotic by pus and the 'inoculum' effect due to large numbers of organisms. 5, 6 Specific environmental conditions within the ironrestricted CF lung also play an important part in antibiotic resistance by affecting growth rate and cell phenotype. 7, 8 B. cepacia can grow as biomasses in the mucus of the lung and intracellularly. 9, 10 Growth in a biofilm may confer protection from antibiotic agents. [11] [12] [13] The physiology of the bacteria changes, resulting in different response patterns towards the antibiotic agent. Iron was chosen to limit growth of bacteria. 7, 14, 15 We investigated the activity of ceftazidime and ciprofloxacin, antibiotics with different modes of action, against planktonic and biofilm-grown bacteria. In particular, we studied the susceptibility of bacteria in stationary phase and at different stages of the exponential phase of growth.
Materials and methods

Bacterial strain and media
B. cepacia NCTC 10661 was grown under iron depletion at 37°C using a chemically defined medium (CDM 12 ): glucose, 48 mM; KCl, 7.4 mM; NaCl, 6.1 mM; MgSO 4 , 0.5 mM; (NH 4 ) 2 SO 4 , 48 mM; K 2 HPO 4 , 3.8 mM; MOPS (3-(N-morpholino) propane sulphonic acid), 60 mM; casamino acids, 0.1% (Difco) (pH 7.8). 16, 17 By extrapolation it was calculated that there was 1.1 0.7 M residual iron in the liquid medium and the agar contributed 1.5 0.9 mol Fe/g agar to the solid medium.
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Growth of cultures
The proportion of total amount of nutrients to inoculated bacteria was kept constant to allow comparability. In our experimental setup, the final optical density at 470 nm (OD 470 ) was 1.2 in the absence of added iron and 5.5 in the presence of excess iron in the planktonic culture. Iron limitation of growth was demonstrated by the appearance Increasing resistance of planktonic and biofilm cultures of Burkholderia cepacia to ciprofloxacin and ceftazidime during exponential growth
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Bacteria taken from an exponentially growing planktonic culture were used as inocula for planktonic and biofilm cultures. The planktonic cultures were inoculated to 10 6 cfu/mL bacteria and grown as 20 mL cultures in 100 mL conical flasks at 37°C on a rotary shaker at 250 rpm. The biofilms were generated on the surface of 47 mm polycarbonate membranes with 0.22 m pore size (Millipore). The membranes were inoculated with 10 7 bacteria and placed in the centre of plates with 15 mL of CDM 12 agar. The plates were then incubated in a humid chamber at 37°C. Bacteria from the biofilm were harvested by scraping the bacteria off the membrane, vortexing and resuspending (using a pipette) in medium without glucose at 37°C, so dispersing aggregates.
Evaluation of antibiotic susceptibility
Antibiotic susceptibility was determined at various points of the growth curve. To compare the degree of antibiotic resistance between cultures, the same number of bacteria from planktonic cultures and dispersed bacteria from biofilm cultures were exposed to ciprofloxacin and ceftazidime for a set time. The bacterial suspension was diluted to 2 10 6 cfu/mL in CDM 12 without glucose. The concentrations of the antibiotics were chosen on the basis of the bacteriostatic MIC. The MICs of ceftazidime (2 mg/L) and ciprofloxacin (4 mg/L) were previously determined by conventional methods for bacteria grown in planktonic batch culture. Ceftazidime was used at 20 MIC to enhance the biocidal effect in the bioassay and to show an effect on the more resistant phenotypes. In a 10 mL sample, ciprofloxacin 4 mg/L (Bayer, Leverkusen, Germany) and ceftazidime 40 mg/L (Glaxo, Greenford, UK) were used with CDM 12 as control. The antibiotic susceptibility was determined after incubation at 37°C with ciprofloxacin for 1 h or with ceftazidime for 24 h. The assays were done in duplicate, against two control sets without antibiotic. After the incubation time the samples were diluted and plated on nutrient agar in sets of four for incubation at 37°C. The mean of the colony counts of the control were set as 1 and the proportion of resulting colonies after treatment were plotted on a logarithmic scale against time; the standard error for the plating was 20%.
Determination of number of generations before stationary phase
The numbers of bacteria were counted with a haemocytometer at given times. After cession of growth in the stationary phase, the number of bacteria was set as generation zero and all counts at other time points accordingly transformed and expressed as generation before cession of growth.
Results
Growth pattern of the cultures
The planktonic and biofilm cultures were grown as batch cultures in iron-depleted medium. The planktonic and the biofilm cultures grew exponentially after a lag phase lasting one to two generations. The exponential growth phase lasted for seven to eight generations in this system with 0.013/min for the planktonic culture and 0.015/min for the biofilm culture. The growth rate dropped in the last two generations before the stationary phase.
Resistance towards ciprofloxacin
Planktonic bacteria, taken four generations before reaching the stationary phase, were about 300 times more susceptible to ciprofloxacin than were bacteria taken from the stationary phase. The resistance of the planktonic bacteria increased logarithmically in the exponential growth phase (Figure 1a ). One generation before reaching the maximal growth yield of the cultures, bacteria were 27 times more resistant than they had been three generations before this time point. In the exponential phase the resistance increased every 3.3 generations by a factor of ten. Bacteria from a biofilm culture increased their resistance by a factor of 150 during the exponential phase until reaching stationary phase (Figure 1b ). This was equivalent to an increase in resistance by a factor of ten every 5 1 generations for the biofilm culture. Bacteria in the stationary phase of the biofilm culture were 15 times more resistant to ciprofloxacin than those from a planktonic culture. Eighty percent of the bacteria from a biofilm culture survived 1 h exposure to ciprofloxacin at the MIC.
Resistance towards ceftazidime
The findings for ceftazidime were very similar to those with ciprofloxacin. Bacteria growing exponentially three to four generations before reaching the stationary phase were 800 times less resistant to ceftazidime than bacteria in the stationary phase. Exponentially growing bacteria had increased their resistance by a factor of a hundred, one and a half generations before reaching the stationary phase (Figure 2a ). There was a ten-fold increase in resistance every three generations while in exponential growth. Bacteria growing exponentially in a biofilm were 80 times more sensitive to ceftazidime than those in stationary phase nine generations before reaching the stationary phase. The resistance increased exponentially by a factor of ten every 3.4 generations before reaching the stationary phase. The bacteria had already reached a quarter of their maximal resistance three generations before reaching stationary phase (Figures 2b and 3) . The biofilm bacteria were at least 15 times more resistant in stationary phase than planktonic bacteria in an equivalent stage of growth ( Figure 3 ).
Discussion
Bacteria commonly become more resistant to environmental stress during slowing down of growth. 20, 21 This has been demonstrated in steady-state situations in the chemostat, where growth rate was controlled by a constant rate of supply of nutrients.
22 A more mixed picture has been seen in batch culture studies. As a result of progressive depletion of nutrients, 17 commonly oxygen, changes in growth rate occur. By comparing midexponential and established stationary phase bacteria, it was possible in these studies to demonstrate gross differences between slowly and rapidly growing bacteria, leading to the conclusion that resistance towards biocides is directly linked to the growth rate. [23] [24] [25] [26] [27] In studies of the resistance of bacteria to biocides, it is commonly assumed that bacteria growing exponentially are sufficiently defined with regard to their pattern of resistance. However, it is a mistake to assume that the resistance pattern of exponentially growing bacteria is identical at different points along the linear part of the logarithmic growth curve. Changes in envelope composition may take place several generations before onset of stationary phase.
21,28 Similar adaptive responses, such as osmotic control, starvation response and change of morphology in Escherichia coli and Pseudomonas putida, are controlled by rpoS. 29, 30 It has also been shown that rpoS is required for acid tolerance in Salmonella. 31 The rpoS gene is controlled according to growth phase and is already expressed in the exponential growth phase. 32 Resistance controlled by this mechanism may occur early in the exponential growth phase.
Bacteria grown in planktonic culture and in a biofilm both showed a drastic change of resistance to ceftazidime and ciprofloxacin during the exponential growth phase. Resistance increased by a factor of ten every 3. culture play an important part in determining antibiotic susceptibility. 7, [33] [34] [35] [36] The dramatic change in resistance during the exponential growth phase before measurable growth reduction indicates that changes in the resistance pattern in bacteria were triggered by factors other than growth rate. The nature of the trigger(s) is unknown. This change of resistance pattern may be a product of availability and consumption rate of nutrient and the density of the population. 37 Each cell may measure the rate of change of nutrients determined by the consumption of the whole culture and the availability of nutrients. The individual cell, independent of other bacteria, could react to nutrient changes in its environment. In addition the bacteria may monitor the density of cells through a messenger such as the quorum sensing system or other side product of the metabolic activity of the bacteria. 38, 39 The cell could react in a concerted action with bacteria using the same sensor system of environmental change.
Small signal molecules, for example N-acetylhomoserine lactones (HSLs) in some Gram-negative bacteria, as in B. cepacia, can initiate processes in response to environmental changes. 40 Such density-dependent cellcell communication may enable information about early changes in nutrient availability to be transmitted rapidly through a cell population. 41 The response to HSLs is normally found when bacteria are growing at high density, but it may also possibly be involved in low density phenomena. A greater understanding of the role of signal molecules in adaptive processes may lead to ways of altering the antibiotic susceptibility of bacterial pathogens.
The growth environment also has a substantial impact on the degree of resistance to antibiotics. Our study demonstrates the influence of growth in a biofilm on the susceptibility of B. cepacia bacteria to ceftazidime and ciprofloxacin. At equivalent stages of the growth curve, biofilm bacteria were always more resistant than planktonic bacteria to the same dose of ceftazidime or ciprofloxacin. The planktonic bacteria in stationary phase were 15 times less resistant than the biofilm bacteria. It has been suggested that the environment of a biofilm may shield bacteria from the drug. 42, 43 The flow of nutrient and the size of the population in a biofilm may slow the growth of the bacteria and affect the efficiency of biocides. 44, 45 Marked resistance of biofilm bacteria to a variety of antibiotics has been demonstrated with other Gramnegative organisms. [46] [47] [48] A number of other mechanisms have been suggested. 7, 17, 26 The barrier effect of the extracellular matrix may be important in Pseudomonas aeruginosa biofilms where harvested biofilm bacteria have been shown to be as susceptible to tobramycin as planktonic bacteria. 33 B. cepacia biofilm bacteria, however, remain more resistant when harvested and dispersed into medium.
The higher resistance of bacteria growing in biofilms is commonly attributed to the decreased availability of drug in a biofilm. The penetration of chemicals into a biofilm is dependent on the density and thickness of the biofilm. This introduces an uncertainty into the testing of antimicrobial agents on entire biofilms. 13, 48 Therefore in our system the biofilm was disrupted and used as a suspension of the biofilm bacteria to compare their susceptibility with that of planktonic bacteria. This showed that, despite the disruption of the film, the resistance of the bacteria had increased. Resistance towards ceftazidime and ciprofloxacin could be linked to the cell structure and not primarily to the growth rate or metabolic activity. Changes in the bacteria seem to need several generations to take place and therefore must be adaptive, involving restructuring of the cell.
The change in susceptibility towards antimicrobial agents might lie in the heterogeneity of the biofilm population. If bacteria in the stationary phase were dormant and, therefore, resistant, the degree of resistance would depend on what proportion of the population was dormant at a given time. In the exponential phase the growth rate of the non-dormant bacteria had to increase to compensate for the increase in numbers of quiescent bacteria.
The main observation from these batch culture studies was the large change in antibiotic susceptibility before a detectable slowing of growth. During the exponential phase of growth, bacteria are dividing rapidly and would be expected to be highly susceptible to antibiotics. The increase in antibiotic resistance during the exponential phase suggests that there is a mechanism which detects a change in conditions initiating adaptive changes in the cell. This theory is supported by similar changes in susceptibility occurring with two classes of antibiotics. Subcultures of bacteria surviving from the antibiotic susceptibility studies and subjected to the same challenges showed an identical pattern of increasing resistance, excluding the possibility of selection of a resistant mutant (data not shown). The large difference in resistance between biofilm and planktonic cultures might explain why infections where the bacteria are grown in biomasses or biofilms are more difficult to eradicate. The MIC as a measurement of resistance or susceptibility to a given drug may not be sufficient for the evaluation of the efficiency of a drug. Cultures used to determine MICs are often inoculated with so-called exponentially growing bacteria. We have shown that the bacteria are not sufficiently defined by this term and that further growth parameters have to be determined to allow valid comparison of antimicrobial agents. This may be especially important for testing of drugs against bacteria growing in biofilms to take account of the higher resistance of these bacteria. 
